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'Key Laboratory of Sustainable Forest | ABSTRACT: Coarse wood debris (CWD) is a critical component of the 
Ecosystem Management-Ministry of | nitrogen and carbon pools in forest ecosystems. While CWD decomposition 
Education, Northeast Forestry rates have been studied extensively across various ecosystems, the effects 
University, Harbin 150040, China. of CWD on soil properties and their interrelations remain unclear. This 
study aimed to measure the response of CWD to soil and their interrelations 
among three forest types: Picea koraiensis-Abies nephrolepis-Pinus 
koraiensis forest (PAPF), Betula costata-Pinus koraiensis forest (BPF), and 
Tilia amurensis-Pinus koraiensis forest (TPF). The results indicated that 
Resources and Environmental CWD carbon was positively correlated with soil pH (R2=0.36). CWD 
Sciences, China Agricultural nitrogen was positively correlated with urease activity, while negatively 
University, Beijing 100193, PR China.| correlated with dehydrogenase activity. There was a consistent correlation 
between overall CWD and soil nutrient concentrations among the three 
forest types, although the pattern of these correlations varied among PAPF, 
BPF, and TPF. This highlights the need to explore attribute interrelations 
across different ecological gradients. Overall, CWD phosphorus (P) and 
carbon (C) were positively correlated with soil pH, while aluminum (Al) 
was negatively correlated. CWD nitrogen (N) was positively correlated 
with urease enzyme activity, whereas CWD carbon (C) and nitrogen (N) 
were negatively correlated with invertase and dehydrogenase enzymes, 
respectively. CWD sulfur (S) was positively correlated with soil sulfur, 
while CWD carbon (C), potassium (K), and magnesium (Mg) were 
negatively correlated with their respective soil counterparts. This study 
demonstrates that variations in soil nutrient concentrations and enzymatic 
activity are significantly influenced by decomposition levels. 
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1. Introduction 

Coarse wood debris (CWD) can form 
under competitive conditions among tree 
growth, natural deforestation in old age, 
natural interferences (e.g., fire, rain, lightning, 
snow, wind, insects, and invasion of fungi), 
and human intervention (tree hacking and 
logging) (Yuan et al. 2011). Within 
ecological systems, CWD plays an important 
role in production, carbon sequestration, 
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nutrient recycling, community regeneration, 
and biodiversity (Ganjegunte et al., 2004; 
Gough et al., 2007; Janisch & Harmon, 2002; 
Wilcke et al., 2005; Woodall, Liknes, & 
management, 2008). Coarse wood debris can 
significantly contribute to carbon and nutrient 
activation in ecosystems (Rinne-Garmston et 
al., 2019). Through decomposition, carbon, 
nitrogen, phosphorus, potassium, calcium, 
magnesium, and manganese are stored in 
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wood debris and released into ecosystems. In 
temperate forests, aboveground forest 
biomass contains 17% dead wood, which 
serves as a crucial nutrient source (Dar, 
Sundarapandian et al., 2015). Both CWD and 
fine dirt are vital components in forest carbon 
and nitrogen cycles (Bessaad et al., 2021). 
CWD can function as a site for nitrogen 
fixation, seed germination support, and water 
storage. CWD has been extensively studied 
for its significant role in forest carbon cycling 
(Keith et al., 2009; Merganiéova et al., 2012). 
Respiratory carbon loss is a crucial process in 
CWD degradation (Jomura., 2008). For 
instance, Wu et al. (2019) demonstrated that 
up to 76% of all carbon was lost through 
respiration during the entire decomposition 
period of CWD logs in the tropics. Warner et 
al. )2017) estimated that 35% of total CO2 
fluxes in CWD and dead stems occurred in a 
high-altitude forest in the USA. Global CWD 
stores about 36-72 Pg C,_ potentially 
disrupting total forest carbon frameworks 
(Sierra, 2006). CWD dispersal and quantity 
are influenced by tree mortality, 
decomposition rate, age, climate, tree species, 
site characteristics, and disturbance dynamics. 

Dead wood gradually releases nutrients 
through decomposition, with amounts 
contingent on substrate, climatic conditions, 
and species (Jones et al., 2019; Ulyshen et al., 
2017). Released nutrients can be retained in 
soil, available for microorganisms and plant 
growth (Lodge., 1994). The impact of wood 
decomposition on soil varies according to 
soil properties and nutritional status (Berg et 
al., 2000). Specifically, dead wood and 
nutrient storage contributions are particularly 
pronounced in Mediterranean pine forests, 
often located on poor soils with high nutrient 
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CWD is also considered an 
essential structural and functional element in 


demands. 


various forest environments, enhancing local 
ecosystem diversity, spatial heterogeneity, 
and wildlife (Bunnell et al., 2010). Wood 
decomposition has been reported to stimulate 
microbial diversity and promote the growth 
of ectomycorrhizal fungi, indicators of 
nutrient-rich forest soils. Additionally, 
organic materials and nutrients present in 
wood enhance microbial activity, leading to 
increased nutrient cycling (Marafion-Jiménez 
et al., 2013). 

CWD decomposition is a complex process 
influenced by various factors such as forest 
types, humidity, temperature, substrate 
quality, and decomposer types (Harmon et al., 
2011). Measuring decay rates is challenging 
due to the slow pace of decomposition and 
physical fragmentation, often spanning 
decades or even centuries. Studies comparing 
CWD across decay classes have noted 
nutrient loss patterns; for instance, potassium 
(K) and magnesium (Mg) are lost relatively 
quickly, while calcium (Ca), nitrogen (N), 
and phosphorus (P) are retained during initial 
decay phases and released later (Jamieson et 
al., 2018). However, determining the precise 
age of CWD in each decay class remains a 
challenge, impacting the understanding of 
nutrient release timing. Although time series 
analysis can help differentiate CWD age, it 
may take decades, potentially missing key 
stages of nutrient import/export from CWD 
(Johnson et al., 2014). 

CWD is a crucial component of forested 
ecosystems, structural habitat, 
serving as the primary energy source for 
saprophyte communities, and contributing 
significantly to long-term soil development. 


providing 


60 


Journal of soil, plant and Environment 


This reciprocal relationship between soil and 
CWD is essential for sustaining soil fertility 
and supporting plant growth and ecosystem 
health. 

Research indicates that interactions 
between soil carbon (C) and nitrogen (N) and 
the composition of the plant community are 
crucial for soil biochemistry and ecological 
function. CWD supplies C and essential 
nutrients for decomposer communities, 
influencing soil organic carbon dynamics and 
microbial Understanding the 
relationship between aboveground and 
belowground systems is vital for forest 
ecosystems, which serve as significant C 
sinks. Plant and soil nitrogen availability 
interact, affecting ecosystem function as 
plant species influence N mineralization and 
nitrification rates (Neher, 1999). Further 
inquiry is needed to understand the drivers of 
the relationship between CWD and soil 
nitrogen cycling. 

Therefore, the current study aims to 
comprehend the effects of CWD on soil 
systems. This research focuses on (1) the 
relationship between CWD and soil pH, C 
and N, and soil nutrients, and (2) the positive 
correlation between CWD and soil enzyme 


processes. 


activity. The aim of our study is to clarify the 
relationship between CWD and = soil 
characteristics in three different forests. 


2. Materials and methods 
2.1. Study Area 


The study was conducted in the Liangshui 
National Nature Reserve (47°10'50"” N, 
128°53'20" E) in Heilongjiang Province, 
China. The reserve covers 12.14 km?, with 
elevations from 300 to 707.4 meters above 
sea level and slopes of 10°-15°. It has a 
forest coverage of 96 percent and lies in a 
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temperate continental monsoon climatic zone. 
The average temperature is —0.3 °C, with 
long, cold winters and a soil freeze depth of 
about 2 meters. Annual rainfall averages 680 
mm over 120 days, with cumulative 
evaporation of about 800 mm. The area 
receives 43.5% daily light and 1,850 hours of 
sunlight annually. 


2.2. Experiment 1 


The experiment was conducted on three 
permanent plots of different sizes established 
in August 2017 in randomly selected forest 
types: Picea koraiensis-Abies nephrolepis- 
Pinus koraiensis (PAPF), Betula costata- 
Pinus koraiensis (BPF), and Tilia amurensis- 
Pinus koraiensis (TPF). All samples were 
collected from Pinus koraiensis (PK) at 
various stages of decay. Wood debris was 
classified into decay stages based on 
morphology and hardness following field 
criteria. Decay stages for PK were recorded 
as follows: Stage I: Recently fallen logs with 
twigs and leaves, hard wood, Stage II: Logs 
with bark but no leaves, hard wood, Stage III: 
Partially present bark, semi-solid wood, 
Stage IV: No bark, partially soft wood, The 
fifth decay stage, characterized by soft, 


fragmented wood, was often 
indistinguishable and not considered in the 
study. Nutrient concentrations were 


calculated at different decay levels to assess 
changes. 


2.3. Experiment 2 


In October 2019, a factorial experiment 
was conducted on three permanent plots 
within randomly selected forests: Picea 
koraiensis-Abies 
(PAPF), 


koraiensis (BPF), and Tilia amurensis-Pinus 


nephrolepis-Pinus 


koraiensis Betula costata-Pinus 
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Figure 1. A map showing forest distribution in Liangshui National Nature Reserve, Northeast China. 


(Khan et al., 2022). 


koraiensis (TPF). The plot sizes were 100 m 
x 120 m, 100 m x 110 m, and 100 m x 120 m, 
respectively. The study aimed to determine 
nutrient concentration changes at different 
decay levels in Pinus koraiensis (PK), the 
dominant tree species. Samples representing 
various decomposition stages were collected 
and classified using a decay class system 
based on morphology and hardness. Decay 
stages selected were: Class ILI: Partially 
present bark, semi-solid wood, Class IV: No 
bark, partially soft wood. These classes were 
identified through visual observation to meet 
the study objectives. 


2.4. Sample Processing and Analysis of 


Nutrients 
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2.4.1 Sampling of coarse wood debris 


For elemental determination of coarse 
wood debris (CWD), log — samples 
approximately 10 cm in diameter were 
collected for each decay class of Pinus 
koraiensis (PK) in three forest types: Picea 
koraiensis-Abies nephrolepis-Pinus 
koraiensis forest (PAPF), Betula costata- 
Pinus koraiensis forest (BPF), and Tilia 
amurensis-Pinus koraiensis forest (TPF). 
Nutrient concentrations of CWD from PK at 
different decay levels in each forest type 
were determined and compared both within 
and between the different forest types. Five 
samples per decay class were collected from 
each forest type. All samples were labeled, 
placed in sealed plastic bags, transported to 
the laboratory, and stored in a refrigerator at 
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4°C until processing. To avoid contamination, 
samples were handled with nitrile gloves in 
both the field and the laboratory. 


2.4.2. Sampling of Soil 
In October 2019, soil samples were 
collected from lateral distances under 


decaying logs and 50 cm away from each 
decay class log. We used log samples of 
approximately 20-50 cm in diameter from 
the same dominant tree species, 
koraiensis (PK), in three forest types: Picea 


Pinus 
koraiensis-Abies nephrolepis-Pinus 
koraiensis forest (PAPF), Betula costata- 
Pinus koraiensis forest (BPF), and Tilia 
amurensis-Pinus koraiensis forest (TPF). 
Twenty logs were randomly selected in each 
forest type, with ten logs for each decay class 
If and IV. Five soil samples were taken from 
each log and pooled to create one composite 
soil sample, resulting in a total of 20 soil 
samples collected at a depth of 0-20 cm for 
each forest type. These samples were labeled, 
sealed in plastic bags, transported to the 
laboratory, and refrigerated at 4°C until 
processing. To avoid contamination, nitrile 
gloves were used when handling the samples. 


2.5. Measurements and analysis 


To determine nutrient concentrations in 
coarse wood debris (CWD), we collected log 
samples (~10 cm diameter) for each decay 
class of Pinus koraiensis (PK). The samples 
were carefully handled, stored, and 
transported to the laboratory. Soil particles 
were removed by brushing, and the samples 
were oven-dried at 65°C, then ground into 
powder for biochemical analysis. The ground 
samples were weighed and digested with a 
mixed acid (HNO3 + HC1QO4 in a 5:1 ratio). 
Nutrient concentrations of phosphorus (P), 
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potassium (K), magnesium (Mg), sodium 
(Na), manganese (Mn), aluminum (Al), 
boron (B), iron (Fe), and zinc (Zn) were 
determined using an ICP-AES (Optima-8300 
DV; PerkinElmer, Inc.). Total carbon (C) and 
nitrogen (N) were measured using a LECO 
C/N analyzer. Nutrient concentrations for 
each decay class of PK were compared, and 
the experiment was replicated three times for 
each decay class. 

The soil samples 
different analysis. One set was air-dried, 
ground, and sieved through a 2-mm mesh to 
determine exchangeable cations, NH4*-N, 
and NO3 -N. A second set was processed 
through a 0.5-mm sieve for phosphorus and 
soil pH measurement. A third set was oven- 
dried and passed through a 0.25-mm sieve to 
determine total nitrogen and soil organic 


were divided for 


carbon. Fresh soil was stored at 4°C to 
evaluate enzymatic activity. Detailed 
procedures for measuring soil organic carbon 
(SOC), total N, NH4*-N (ammonium), NO3-- 
N (nitrate), exchangeable cations (Ca2*, Mgo", 
Mn>*), phosphorus (P), sulfur (S), potassium 
(K), and the activities of urease, invertase, 
polyphenol oxidase, dehydrogenase, and acid 
phosphatase are provided in our previous 
study (Khan et al., 2022). 


2.6. Statistical Analysis 


Both soil and coarse wood debris data 
were analyzed using two-way ANOVA. To 
assess significant differences among various 
forest types and decay classes, Tukey’s HSD 
test was employed. Redundancy analysis 
(RDA) was conducted using the vegan 
package in R v. 3.6.1. Pearson’s correlation 
coefficients were determined with the 
corrplot package in R v. 3.6.1. All statistical 
analyses were carried out using SPSS v. 25, 
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and SigmaPlot v. 12.4 (Systat Software Inc., 
San Jose, CA, USA) was utilized for creating 
graphical representations. The results are 
expressed as mean + standard error (SE). 


3. Results 


3.1. Nutrient concentration across different 
decay classes and forest types 

As published in our previous study (Khan 
et al, 2021), results indicated that 
concentrations of N, P, Mg, Mn, Na, Zn, S, 
Al, and Fe generally increased with the level 
of decay across all three forest types, except 
for K and B in PAPF. The _ highest 
concentrations of N, P, B, Mg, K, C, Zn, and 
Mn in coarse wood debris (CWD) were 
found in  BPF, while’ the highest 
concentrations of Fe and S were observed in 
PAPE and TPF, respectively. C content did 
not show significant differences between 
decay classes across the forest types. The C 
ratio significantly decreased with increasing 
decay levels in all forest types, and decay 
rates were significantly correlated with N 
concentration and the C ratio across all forest 


types. 


3.2.Changes in forest soil bio-geochemcal 
traits under decay classes and forest types 
As previously published in our study 
(Khan et al., 2022), the results indicated that 
soil organic carbon (OC), nitrogen (N), soil 
pH, other nutrients, and enzymatic activity 
were significantly influenced by forest type, 
decay class, and proximity to decaying logs 
across the three forests. In PAPF forest, 
decay class IV CWD showed the highest 
levels of OC (64.7 mg g'), N (6.9 mg g'!), 
and enzymatic activity, with minimal impact 
from distance to decaying logs across all 
forests. A lower soil pH value of 3.8 was 
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noted near decay class IV deadwood. CWD 
plays a vital role in enhancing carbon and 
nutrient budgets and boosting soil enzymatic 
activity in forest ecosystems. This research 
concludes that CWD is essential for nutrient 
cycling, contributing to the _ spatial 
heterogeneity of enzymatic activity, carbon, 
and nutrient turnover on the forest floor. 


3.3. Correlations analysis 


In the present study, we used our 
previously published data from Khan et al. 
(2021) and Khan et al. (2022) to evaluate the 
correlations between coarse wood debris 
(CWD) and various soil chemical properties, 
enzymes activities, etc. 


3.3.1 Correlation among coarse wood 
debris and_ soil different chemical 
properties 

We examined the correlations of CWD 
nitrogen (N) with urease and dehydrogenase 
enzymes, and CWD carbon (C) with 
invertase enzymes (Figure 2). The results 
indicated that CWD was positively correlated 
with the urease enzyme and negatively 
correlated with the dehydrogenase enzyme 
(Figure 2). Conversely, CWD C_ was 
negatively correlated with soil invertase 
enzyme activity (Figure. 2), with an R? value 
of 0.53. 

CWD C_ was strongly negatively 
correlated with soil C (Figure 3A), with an R? 
value of 0.34. CWD N and phosphorus (P) 
were significantly correlated with soil N and 
P, respectively (Figure 3B and C). CWD 
potassium (K) was negatively correlated with 
soil K, with an R?2 value of 0.62. On the other 
hand, CWD sulfur (S) showed a _ weak 
correlation with soil S (R? = 0.08) . Lastly, 
CWD magnesium (Mg) was negatively 
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correlated with soil Mg, with an R? value of 
O17. 


3.3.2 Correlations between soil and coarse 
wood debris properties across three 


different temperate forests types 

The trait interrelations between soil 
properties and coarse wood debris (CWD) 
significant correlations 


revealed several 


(Figure 4). Soil carbon (C) was positively 
sulfur (S) and 


correlated with CWD 
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negatively with CWD Cin Betula costata- 
Pinus koraiensis forest (BPF) and Picea 
koraiensis-Abies nephrolepis-Pinus 
koraiensis forest (PAPF). Additionally, soil C 
was positively correlated with CWD 
phosphorus (P) in PAPF and Tilia amurensis- 
Pinus koraiensis forest (TPF) and negatively 
with CWD S in BPF but positively in PAPF. 
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Figure 2. Correlation of coarse wood debris with different chemical properties. Note: CWMD-coarse 
wood debris, C-carbon, N-nitrogen, P-phosphorous, Al-aluminum. 
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Figure 3. Correlation of coarse wood debris with different chemical properties. 


Soil nitrogen (N) showed a _ positive 
correlation with CWD copper (Cu) in PAPF 
and a negative correlation in TPF. It was also 
negatively correlated with CWD potassium 
(K) and CWD S in BPF and positively 
correlated in PAPF. The soil C ratio was 
positively correlated with CWD N, P, 
aluminum (Al), iron (Fe), sodium (Na), S, 
and manganese (Mn) in PAPF, and 
negatively correlated with the Cratio. Soil 
ammonium (NH4) was positively correlated 
with CWD N in BPF and negatively with the 
CWD C ratio, but positively with P and Al in 
BPF and PAPF. Soil nitrate (NO3) was 
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positively correlated with CWD N and 
negatively with the CWD C ratio in Betula 
costata-Pinus koraiensis forest (BAF) and 
PAPF. NO3 was negatively correlated with 
CWD S in BAF, but positively in PAPF, and 
positively correlated with CWD zinc (Zn) in 
TPF. Soil pH was negatively correlated with 
CWD P, Al, Fe, Zn, and Na, while positively 
correlated with CWD K and Mn in TPF. Soil 
phosphorus (P) was positively correlated with 
CWD N and Zn in PAPF and with CWD Mn 
in BAF and PAPF, but negatively in TPF. 
Soil potassium (K) was positively correlated 
with CWD Al, Fe, and Mn, and negatively 
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with CWD K and S in BPE. Soil sulfur (S) 
was negatively correlated with CWD K in 
BPF and TPF but positively in PAPF. Soil 
magnesium (Mg) was correlated with CWD 
P in BPF and PAPF, negatively correlated 
with CWD K in BPF and TPF but positively 
in PAPF. Soil calcium (Ca) was negatively 
correlated with CWD S in BPF but positively 
in PAPF. Soil manganese (Mn) was 
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negatively correlated with CWD K in BPF 
and TPF but positively in PAPF. Soil 
phosphatase was positively correlated with 
CWD Fe and Zn but negatively with CWD K 
and Mn in TPF. Overall, the correlation 
between soil properties and CWD properties 
was more consistent in PAPF compared to 
the other forest types. 
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Figure 4. Pearson’s correlation of soil properties and enzymatic activities of the dominant tree species 
(Pinus koraiensis, PK) between in Picea koraiensis-Abies nephrolepis-Pinus koraiensis forest (PAPF), 
Betula costata-Pinus koraiensis forest (BPF) and in Tilia amurensis-Pinus koraiensis forest (TPF) in 
northeastern China. The significant (p < 0.05) positive (blue color) or negative (red color) correlations are 
indicated by colors and circle sizes, while not significant correlations are omitted. 
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Figure 5. Redundancy Analysis of Nutritional Status Across Decay Classes in Different Forest Types of 
Northeastern China: Picea koraiensis-Abies nephrolepis-Pinus koraiensis (PAPF), Betula costata-Pinus 
koraiensis (BPF), and Tilia amurensis-Pinus koraiensis (TPF). Note: Al: aluminum; Zn: zinc; Fe: iron; N: 
nitrogen; P: phosphorus; Na: sodium; Mn: manganese; Cu: copper; B: boron; Mg: magnesium; K: 
potassium; C: carbon; S: sulfur; SOC: soil organic carbon; ST: soil temperature; TN: soil total nitrogen; 
SM: soil moisture; pH: soil pH; NH4: ammonium; NH3: ammonia. 


3.3.3. Redundancy analysis 
Redundancy analysis (RDA) was used to 


evaluate the interrelations between soil 


nutritional status and decay classes (Figure 5). 


The first and second RDA axes (RDAI and 
RDA2) accounted for 62.3% and 22.1% of 
the total variation, respectively. CWD 
aluminum (Al), carbon-to-nitrogen ratio 
(C/N), and iron (Fe) had a strong positive 
impact on soil sulfur (S), phosphorus (P), 
potassium (K), nitrogen (N), ammonium 
(NH4*), calcium (Ca), magnesium (Mg), 
dehydrogenase, and _ phosphatase, while 
exerting a strong negative impact on urease, 
pH, and nitrate (NO3). Conversely, CWD 
nitrogen (N), phosphorus (P), potassium (K), 
magnesium (Mg), boron (B), manganese 
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(Mn), sodium (Na), carbon (C), and zinc (Zn) 
had a strong positive impact on soil urease, 
pH, and NO3-, while negatively impacting 
soil phosphorus (P), sulfur (S), potassium (K), 
nitrogen (N), carbon (C), calcium (Ca), 
magnesium (Mg), and manganese (Mn) 
(Figure 5). 


4. Discussion 


Decomposition of wood is essential for 
carbon dynamics and nutrient cycling in 
forest ecosystems (Rahman, et al., 2013; van 
der Wal, et al., 2013). It is a complex 
ecological process regulated by various 
factors: climate, substrate quality (tree 
species), and the abundance, composition, 
and activity of decomposer communities 
(Weedon et al. 2009). Deadwood 
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decomposition occurs through fragmentation, 
dissolution, and respiration (Harmon, 1986). 
During decomposition, carbon (C) can be 
transferred to the atmosphere as COz2 or 
added to soil C stocks. Highly decomposed 
wood significantly impacts soil, releasing 
more ions to the surface soil horizons 
compared to less decayed wood (Bade et al., 
2015). In this study, we found a positive 
correlation between CWD and soil properties 
(Figures 1 and 2). Nutrient concentrations 
generally increased with advancing decay 
class, a pattern frequently observed in other 
studies (Khan et al., 2021). This may be due 
to mass loss, nutrient concentration, rainfall, 
and root colonization (Osman, 2013). The 
most plausible explanation is the presence of 
basidiomycetes within the log itself (Bunnell., 
2014). 

Soil pH is affected by CWD and its decay 
classes, though the exact mechanism of 
acidification remains unclear. Our study 
revealed that the base cation Al was 
moderately negatively correlated with soil pH. 
High concentrations of Al in CWD reduce 
soil pH, making it more acidic, likely due to 
the retention of base cations by CWD. Our 
results align with Iraci (2012), who stated 
that the retention of base cations can result in 
less leaching, thereby reducing soil pH 
(Figure 1A). Research by Dhiedt et al. (2019) 
also observed an increase in soil pH and a 
decrease in Al concentration near CWD 
(Dhiedt et al., 2019). Another possible 
explanation is that the composition of wood 
and the organisms responsible for decay 
differ. Softwood species are more associated 
with brown-rot fungi, which produce more 
organic acids, causing a decrease in pH, in 
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contrast to hardwood species where white-rot 
fungi are predominant (Ray et al., 2010). 

In our study, a correlation between CWD 
carbon (C) and soil pH was also observed, 
with an R value of 0.36, indicating a 
moderate positive correlation. A _ high 
quantity of CWD C slightly increased soil pH. 
Some studies support this finding. For 
instance, Hart et al. (1994) and Magill et al. 
(2000) observed that higher C concentrations 
underneath CWD cause high nitrogen (N) 
immobilization, reducing the negative impact 
of N deposition and leading to higher pH. 
CWD releases substances that affect soil 
chemical properties and enzyme activities, 
thereby altering the soil's nutrient. status. 
Decomposition can cause variations in N, 
phosphorus (P), potassium (K), calcium (Ca), 
and magnesium (Mg) contents in the soil 
(Brais, 2005; Hua, 1992). 

We found higher concentrations of N and 
P as the decay class advanced, similar to 
results by Kooch et al. (2017). According to 
Holub, et al. (2001), nutrient concentrations 
increase due to mass loss, microbial 
respiration, and leaching of organic matter. 
The accumulation of N in logs is partly 
facilitated by nitrogen-fixing bacteria that 
colonize decaying wood (Johnston et al., 
2017), but primarily by the transfer of N from 
soil-foraging fungi to wood-decaying fungi 
(Filipiak, 2018). Makipaa et al. (2017) found 
that cord-forming fungi can transport P to 
logs over large distances. 

Soil microbial respiration is a major 
process that controls carbon (C) loss from 
terrestrial ecosystems (Walker et al., 2018). 
According to Kooch et al., (2019), soil total 
nitrogen (N) content significantly affects the 
decomposition of plant litter, and the litter 
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decomposition rate is a major source of soil 
CO2 emissions. Maron et al. (2018) reported 
that soil N content promotes the release of 
CO» from the soil. Mori et al. (2018) stated 
that increases in soil N and phosphorus (P) 
improve microbial respiration. Favorable soil 
conditions, such as higher pH, N, and 
available nutrients, enhance the activities of 
soil organisms, including earthworms and 
nematodes (Kooch et al., 2017). 

The mineralization rate of soil N results 
from forest management practices under 
different canopy compositions (Tarus, 2020). 
N mineralization generally decreases when 
soil pH decreases (Qi et al., 2021). The 
relationships between plant community 
composition and soil C and N are essential to 
ecological function and soil biogeochemistry. 
Carbon allocation by plants plays an 
important role in soil C dynamics, but it is 
not clear how future changes in plant 
allocation will affect soil C stocks (Jaman et 
al., 2021). The mechanisms through which 
plant composition and diversity affect soil C 
dynamics in peatlands remain largely 
unexplored. Understanding the relationship 
between aboveground and _ belowground 
systems is particularly important in boreal 
peatlands, which are significant C sinks 
(Palozzi et al., 2017). 

Interactions between plants and soil N 
availability are integral to the influence of 
plant diversity on ecosystem function. Plant 
species composition is tightly linked to soil N 
availability, as plant species have the 
potential to regulate N mineralization and 
nitrification (Matson et al., 2002). Some 
studies have found that greater plant diversity 
increases soil N availability because plant 
species richness positively affects soil N 
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transformation and nitrification (Lamb, et al., 
2011). However, other studies have shown 
that plant diversity decreases soil N 
availability (Bedford et al., 1999). 

Recent research indicates that climate 
alone is insufficient to predict wood 
decomposition rates at regional scales. 
Instead, local-scale factors play a more 
crucial role in explaining most of the 
variation (Bradford et al., 2014). In natural 
conditions, fungi are the primary 
decomposers of deadwood. With their ability 
to utilize a range of secreted oxidoreductases 
and hydrolases, they are uniquely capable of 
decomposing lignin (Stokland et al., 2004). 
Microorganisms are essential agents of 
decomposition, with fungi being particularly 
significant due to their enzyme production 
capabilities and the ability to access new 
substrates through hyphae (Bani et al., 2018). 
Enzymes are fundamental for 
microorganisms to decompose organic matter 
and can indicate the nutrient status of the 
environment (Sinsabaugh et al., 2008). Our 
findings align with previous research, 
showing a positive correlation between wood 
physicochemical properties—such as decay 
stage, density, C ratio, and macronutrients 
like C, N, and P—and the structure of wood- 
inhabiting fungal communities (Rajala et al., 
2012). This can be attributed to the presence 
of fungal communities across wide 
geographical distances, with priority effects 
and various biotic and abiotic factors 
determining the community in each log 
(Fukasawa & Management, 2015; Hiscox et 
al., 2016), and the successional changes that 
occur during wood decay (Hoppe et al., 
2016). 
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In another study, it was observed that 
nitrogen addition accelerates urease activity 
(Bachmeier et al., 2002), likely due to the 
varied effects of nitrogen addition depending 
on the types and levels of different 
microorganism groups, which may secrete 
different enzymes in soils (Ahmad et al., 
2023; Ahmad et al., 2022). Soil biological 
processes are regulated by soil microbial 
biomass, which produces enzymes __ that 
impact nutrient levels and _ availability 
(Dhandapani et al., 2020). High levels of 
organic carbon and nutrients under coarse 
woody debris (CWD) increase soil microbial 
biomass. However, previous studies have 
shown that urease activity decreases in the 
presence of stumps (Wang et al., 2012). 

Our study revealed a moderately positive 
correlation (R= 0.46) between CWD nitrogen 
percentage and urease activity. Conversely, 
CWD carbon and invertase enzyme were 
negatively correlated (R = 0.53) (Fig. 1F). 
Previous research indicates that the presence 
of CWD leads to increased invertase and acid 
phosphatase activity. The 
correlation between CWD _ carbon and 
invertase enzyme is due to the conversion of 
CWD carbon into the soil. The more organic 


negative 


carbon present in soil, the higher the 
invertase activity observed. Literature mainly 
discusses indirect relevance concerning the 
presence of stumps on soil enzyme activity 
without direct effects being stated (Wang et 
al., 2012). The correlation is not completely 
linear, indicating that CWD carbon amounts 
are not solely dependent on invertase 
quantity. This may be because soil enzymes 
are produced by organisms utilizing organic 
matter from roots and residues (Sterilized et 
al., 2000). Previous studies suggest that the 


www.jspae.com 


Khan et al., 


increase in enzyme activity is due to stumps 
being sources of labile carbon and other 
nutrients. The extractable organic carbon was 
high in CWD soil, indicating high amounts of 
carbon. 

Similar to our results, Spears et al. (2003), 
Hafner et al. (2005), and Metzger et al. (2008) 
confirmed the leaching of labile carbon from 
CWD, thus reducing CWD carbon. Another 
study found a significant positive correlation 
between invertase and urease activity in 
relation to total nitrogen and organic carbon, 
reflecting nitrogen and organic matter 
decomposition in the soil (Wang et al., 2020). 

The decomposition of CWD significantly 
influences _ soil elements, as 
observed in our study. This is consistent with 
findings by Ge et al. (2013), although some 
studies report non-significant effects of CWD 


chemical 


decay on soil chemical properties (Laiho et 
al., 2004; Spears et al., 2003; Wilcke et al., 
2005). For example, studies have shown that 
potassium (K) concentration in pine CWD 
decreases over time (Bilous et al., 2019), 
with nitrogen (N), phosphorus (P), and sulfur 
(S) concentrations peaking in 36-year-old 
decomposed spruce. In our study, K 
concentration in CWD_ decreased and 
subsequently increased in the soil, revealing a 
moderately strong negative correlation 
(R=0.62, Fig 2D). This is likely due to K's 
high mobility and tendency to leach out early 
in the decay process (Holub et al., 2001; 
Means et al., 1992). 

Contrarily, other research indicated 
increased K content in CWD of boreal forests 
as decay progresses, possibly due to 
differences in tree species and decomposition 
factors (Krankina et al., 2004). Kavanagh 
(2017) highlighted K's role as a crucial co- 
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factor for enzymatic activities, suggesting 
that increased fungal decomposition in CWD 
enhances K leaching into the soil. Additional 
studies support our findings, attributing the 
decrease in CWD K to leaching (Khan et al., 
2021). In our research, CWD contents of N 
and P did not correlate with soil contents 
over the decay period, a finding supported by 
previous studies showing inconsistent results. 
For instance, Yuan et al. (2017) noted 
significant variations in N and P contents 
over time, dependent on tree species, with 
greater K release observed in Q. aliena var. 
acuteserrata compared to P. armandii. 

Our results indicated a weak negative 
correlation (R=0.34) between CWD C 
content and soil C content. Although Yuan et 
al. (2017) found that soil C ¥ content 
significantly increased as CWD C content 
decreased, we observed a less pronounced 
correlation. They also reported considerable 
fluctuations in soil N, P, K, Ca, and Mg 
contents. relative to WD _ quantities, 
attributing these variations to environmental 
factors. Other studies suggest _ that 
phosphorus tends to be retained in CWD over 
time due to its resistance to leaching (Minghe, 
Guoyi, Deqiang, Lili, & Botany, 2006). Our 
study found no correlation (R=0.02) between 
CWD P and soil P, likely for the same reason 
(Figure 2C). 

Previous research has shown that enzyme 
activity increases because stumps serve as 
sources of labile C and other nutrients. The 
high extractable organic C in CWD soil 
suggests substantial amounts of C. Metzger et 
al. (2008) confirmed the leaching of labile C 
from CWD, reducing CWD C content. 
Another study found a significant positive 
correlation between invertase and urease 
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activity with total nitrogen and organic 
carbon, reflecting the decomposition of 
nitrogen and organic matter in the soil (H. 
Wang et al., 2020). 


5. Conclusion 


There was a consistent correlation in 
overall CWD and soil nutrient concentrations 
among the three forest types (PAPF, BPF, 
and TPF). However, the pattern of these 
correlations differed among the forest types. 
This highlights the need for further 
exploration of attribute interrelations across 
varying ecological gradients. The results 
reveal that the relationship between CWD 
and soil properties depends on plant species 
and decay classes. We observed that overall 
CWD phosphorus (P) and carbon (C) were 
positively correlated with soil pH, while 
aluminum (Al) was negatively correlated. 
CWD nitrogen (N) was positively correlated 
with urease enzyme activity, whereas CWD 
carbon (C) and nitrogen (N) were negatively 
correlated with invertase and dehydrogenase 
enzymes, respectively. CWD sulfur (S) was 
positively correlated with soil sulfur, while 
CWD carbon (C), potassium (K), and 
magnesium (Mg) were negatively correlated 
with their respective soil counterparts. This 
study indicates that variations in soil nutrient 
concentrations and enzymatic activity are 
significantly affected by decomposition 
levels. Future research is needed to better 
understand the relationship between CWD 
and other ecological aspects at different 
decomposition levels in various climatic 


regimes. 
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